The sensitivity of the surface orientation on photoelectrochemical water oxidation has recently been reported by experimental studies. However, a detailed theoretical understanding is still missing. Density functional theory + Hubbard U (DFT + U) calculations are therefore carried out in order to investigate the oxygen evolution reaction (OER) on hematite (Fe2O3) surfaces for five surface orientations, namely (100), (210), (101), (021) and (211). The free energies of four proton coupled electron transfer (PCET) steps and the OER overpotential were calculated and the trend in activity is analysed. For the (100) orientation, two adsorbate-adsorbate distances were studied.
I. INTRODUCTION
Photoelectrochemical (PEC) solar fuel production is a promising long-term technology pathway towards low greenhouse gas emissions. [1] [2] [3] [4] [5] In the PEC process, water is split into hydrogen and oxygen with the help of sunlight and catalytically active semiconductors, the photoelectrodes. 6, 7 The water oxidation at the photoelectrode is called oxygen evolution reaction (OER). In the field of PEC water splitting, the current research strongly focuses on the OER, because it accounts for most of the overpotential required to drive water splitting owing to the fourelectron process that is more complicated and energy required than the hydrogen evolution. [6] [7] [8] [9] Therefore, we focus in this paper on the OER and will study the OER on the photoelectrode material hematite (α-Fe2O3).
Hematite has emerged as a promising photoelectrode material for PEC water splitting and received much attention due to its suitable band gap of about 2.1 eV, an excellent chemical stability, its natural abundance, nontoxicity, and low cost. 3, 10, 11 However, the high OER overpotential 3 limits its application as PEC material. 12 It is therefore necessary to search for the most active hematite surface orientations towards OER for improving the solar-to-hydrogen conversion efficiency.
The simulation of photoexcitation as the driving force of the water splitting reaction has only been demonstrated for small model systems so far. 13, 14 In most of the literature, water decomposition at the semiconductor surface is viewed in theoretical studies as an electrocatalytic process driven by the electrochemical potential.
2 Thus, we use the approach developed in the literature for investigation of electrochemical water oxidation. 8 Strategies to increase the solar-to-fuelconversion efficiency have been proposed, such as controlling of thin film thickness, 5, 15 doping, 16 nanostructures, 17, 18 and altering the surface orientation. 19 Computational design at atomistic level can be achieved by the modern quantum chemical methods. [6] [7] [8] [9] The effects of doping by Ti, Mn, Co, Ni, and
Pt on the OER overpotential have been investigated by Liao et al. 20 and Neufeld et al. 21 Co and Ni were predicted as effective dopants for electrocatalysis of water. 20 Nguyen et al. 22 , Hellman et al. 23 , and Toroker et al., 24 investigated water oxidation on hematite (0001) with vacancies. 24 More recently, Zhang et al. 25 reported
an overpotential of as low as 0. were used. We use in this study a solid-gas model similarly as in other OER studies of hematite. [20] [21] [22] More computational details are provided in the supporting information.
III. RESULTS AND DISCUSSION

Surface Structures and Electrochemical Model
To study the orientation effect on the OER activity, five surface orientations were built from optimized bulk crystal structures, namely, (100), (210), (101), (021) site. Detailed information about these two adsorption sites is given in ref. 25 In Figure 1 , the (100) Several reaction mechanisms were proposed for the OER on metal oxide surfaces in the literature. 7 In our study, we follow the widely-used OER mechanism proposed by Rossmeisl et al. 8 This mechanism consists of four proton-coupled electron transfer (PCET) steps as illustrated by eq.(1-4). In this mechanism, the water adsorption and first PCET step have been combined. In this first combined step, the overall reaction is the adsorption and dissociation of a water molecule over a free site. Liao et al. 20 included the water adsorption step separately in their studies on hematite (0001) surface and found that much less energy is required for the adsorption than for the electrochemical steps; water adsorption is therefore also not considered separately in this study. This mechanism has become very popular and has been shown to predict trends for the OER quite well. 4 
The reaction free energies under an applied potential U are calculated as follows.
∆Gn are the free energy steps corresponding to the reactions shown in eq.
(1-4). ∆ZPE is the difference in zero point energies due to the reaction, ∆S is the change in entropy. More details on the calculation of the energies is given in the supporting information. Figure 2 shows the free energy profiles of the four PCET steps for the five surface orientations, (100) on bridge site, (210) on terminal site, (101) on bridge site, (021) on bridge site, and (211) on terminal site, respectively, which were calculated by using the approach developed by Rossmeisl and Norskov et al. 8 4 Hematite (100) and (210) surfaces are similar in the overpotential with (110) surface (η = 0.79 V), which was studied recently in the literature. 25 Therefore, we compare their OER free energy profiles in Figure 3 .
Surface Orientations
The potential determining step for the (100) surface is the OOH formation. However, the O formation is potential determining for (110) and (210) 
Adsorbate-adsorbate Interaction
So far, the (100) surface has been found more active than the other four surface orientations studied in this work. We choose (100) surface to study the effect of adsorbate-adsorbate interaction on OER activity. In the case of the (100) surface the adsorbate distance was 10.19 Å (Figure 4 (a) ). No interaction of the adsorbates at this long distance is expected. We reduced the cell of (100) by half and name this geometry 
Overpotential Trend
In Table 1 , we summarize the calculated overpotential and the potential determining reactions of the systems studied in this work and compare it to the literature. 20, 22, 25 All calculations were performed with a similar level of theory. We did not refer to experimental values, because a direct quantitative comparison between the theoretical and experimental overpotentials cannot be made due to limitations on both sides as indicated by Valdes et al. 4 and Man et al. 52 Theoretical calculations usually do not take into account effects of electric field and surface charges. Also, proton transfer barriers are not included. All these effects are very important for the absolute rate of the reaction. 8 Furthermore, the experiments were performed using electrodes with oxide nanoparticles, for which the effective surface area is often unknown or not reported. 52 Therefore, we study the trend in the OER activities here. The overpotential increase from above to below in Table 1 . We can see that the overpotential changes sensitively with the orientation. The lowest overpotential of 0.52 V is found for bridge site (100)L surface, which is more active for OER than the other surfaces. The highest overpotential is found for (211) surface (1.47 V). For most of the systems, the potential determining reaction is the formation of O. In the experiment, the (110) and (104) are the most prominent orientations. 19 The (110) was found more active than the (104) orientation. 19, 25 Interestingly, we found that (100) orientation is also active for OER. is the bulk energy per Fe2O3 unit. is the exposed surface area. The slab has two surfaces and they are of the same type which is reflected by the number 2 in the denominator. 54 (100) surface is comparable with that of Fe2O3 (0001) surface, which is commonly believed as a stable surface. 20, 54 Wasserman et al. 54 reported the surface energies of 1.64 J/m 2 and 2.00 J/m 2 for (0001) and (012) surfaces, respectively. We can conclude that the (100) surface is the most stable and most active surface for OER among the five surfaces studied in this work. The surface energies of the five surface are calculated.
The (100) and (210) surfaces are more active than the other surfaces studied due to lower OER overpotentials, 0.79 V and 0.80 V, respectively, however the (210) surface is less stable due to a higher surface energy.
The (100) 
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